Introduction:
There is an increasing clinical interest in imaging tumors' protein metabolism through PET studies using radiolabeled amino acids, and one of the most commonly used tracer in this regard is C-11 methionine. The latter was recently employed successfully for diagnosis and assessment of treatment response in some tumors. The aim of the current study is to assess the value of 11 C-Methionine (MET) in the diagnosis of skeletal metastases. Patients and methods: Over approximately 12 years in our institute (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , 8041 patients performed static MET PET scans for local assessment of tumor response to carbon ion radiotherapy (CIRT) in addition to whole body (WB) images without attenuation correction. Out of these patients, 254 cancer patients had reported areas of abnormal skeletal MET uptake on WB images. Sixty studies were only included because of available follow up with conventional imaging modalities (CIM), as the reference standard, for final diagnosis of the bony lesions whether metastatic or not. All suspected skeletal areas were counted and differentiated, according to the degree of uptake whether low, moderate or intense and reported as having low, equivocal or high metastatic possibility respectively. Results: 77 bony areas of abnormal MET accumulation were reported, out of them 14 were diagnosed to be metastatic in nature (18.2%), while the remaining 63 (81.8%) diagnosed as benign osseous lesions. Low, equivocal or high metastatic possibilities were encountered in 58, 7 and 12 osseous sites respectively. Diagnosis of metastases was confirmed in 1 out of 58 (1.7%), 2 out of 7 (28.6%) and 11 out of 12 (91.7%) sites with low, equivocal and intense tracer uptake respectively. The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy of MET-PET-WB study in diagnosis of osseous deposits were 78.6%, 98.4%, 91.7%, 95.4 % and 94.8% respectively when equivocal lesions are included in the low possibility category. These figures were 68.4%, 98.3%, 92.9%, 90.5% and 90.9% respectively if equivocal lesions were included in the high possibility category of being metastatic.
Conclusion:
MET PET WB imaging is an accurate tool in the diagnosis of skeletal metastatic lesions in various malignancies.
Higher diagnostic accuracy is found when only lesions with high degree of tracer uptake are considered metastatic.
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INTRODUCTION:
Bone metastases are the most common malignant bone tumor. Skeletal involvement occurs in 30%-70% of all cancer patients, with breast cancer being the leading cause for bone metastases in women and prostate cancer in men, followed by lung cancer (1, 2) . Patients can have osteolytic, osteoblastic, or mixed lesions containing both elements (3) , and the diagnosis of bone metastases is essential for proper staging and optimal therapy (2, 4) .Bone scan (BS) is the most commonly used modality for detection of bone metastases because it is widely available and provides an entire skeletal visualization within a reasonable amount of time and cost (2, 5) . It has been estimated that BS can detect malignant bone lesions 2-18 months earlier than x-ray (1) . However, bone scan is now used less often and is not considered routine in all cases of breast or prostate cancer, where its use is now restricted to higher-risk groups (6, 7) .In the last two decades positron emission tomography (PET) and PET/CT had a lot of important and innovative clinical applications in oncology (8, 9) . Using various PET tracers, functional changes occurring in the bone marrow and bone as a result of malignant infiltration may precede the structural changes required to identify the presence of malignant bone involvement by morphologic imaging modalities (8, 10) . The most common PET tracers that are clinically used for assessment of malignant bone involvement are 18 F-fluoride and 18 F-FDG (2) . 18 F-fluoride PET seems to be more sensitive than conventional BS for the diagnosis of osteolytic bone metastasis (11) ; yet, 18 F-FDG PET assessment has the advantage of detecting both soft-tissue and skeletal disease (8, 10) . Estimates of the sensitivity of 18 F-FDG PET for detecting bone metastases range between 62% and 100% and the specificity ranges between 96% and 100% (5) .There is increasing clinical interest in protein metabolism imaging with PET through the use of radiolabeled amino acids (13) , and the most frequently used radiolabeled amino acid is Methionine (MET) (14) . MET uptake reflects increased amino acid transport and, in part, protein synthesis; and is related to cellular proliferative activity (15) (16) (17) . In cancer, methionine uptake also is correlated with the amount of viable tumor tissue (18, 19) , and MET-PET imaging could allow for targeting the tumor tissue with the highest metabolic activity (20) . As regard to normal MET distribution, low-grade uptake of MET is seen in the brain, while somewhat higher uptake is seen in salivary glands, the lacrimal glands, bone marrow and occasionally in the myocardium. Abdominal uptake in the liver and the pancreas can frequently be seen.
Carbon ion radiotherapy (CIRT) enables giving safe effective dose of radiation to bulky primary cancer without causing damage to normal tissues (21) . MET PET is performed before and after therapy for evaluation of the local therapeutic effect on the primary tumor, however, some of these studies may show unusual MET uptake involving skeletal areas which might represent normal variants, tracer uptake in benign osseous lesions or metastatic bone deposits. The aim of the current study is to evaluate the role of WB MET PET imaging in the detection of skeletal metastatic lesions in different malignancies.
PATIENTS AND METHODS:
In this retrospective study, we searched among 8041 studies done with Sixty MET PET studies were included in the current study because of the following inclusion criteria: 1) All studies showed reported one or more areas of abnormal skeletal uptake of MET.
2)All patients had available conventional imaging modalities (CIM) for follow-up (as bone scan and/or CT scan), as the reference standard, for confirmation of the detected osseous lesions with extended follow up period up to more than 2 years post MET study, with all osseous lesions diagnosed finally by the treating oncologist whether metastatic or nonmetastatic.
3) When only CT was available for confirmation of metastatic nature of the detected areas, the case was included only when the field of the CT scan covered all suspected bone areas detected in the MET study. In 9 cases, both bone and CT scans were available for follow-up and confirmation of the results. In 34 cases, only bone scans were available for follow-up, while in 17 cases only CT scans were available for confirmation. Follow-up CT scans were interpreted by experienced diagnostic radiologist. With follow-up bone scan, the presence of bone metastasis was established based on characteristic late bone scan findings or subsequent lesion progression on follow-up scans. Mean follow up period was 21.8 months ±16.4 and 26.5 ±19.8 months for bone scan and CT scan respectively. Patients were 49 males and 11 females with age range of 45-86 years (mean; 71.6). Lung cancer was the commonest primary lesion in our group of patients, found in 42 patients representing 70 % of all patients (table1) Mean dose of 11 C-Methionine was 714 ± 74 MBq (19.3 ± 2.0 mCi). All MET PET studies were performed with the primary intension of evaluation of the local therapeutic effect of carbon-ion radiotherapy (CIRT) on the primary tumor. Therefore the ideal imaging time in MET-PET study (about 20 minutes after injection) was reserved for local static imaging of the therapy field. WB-PET scanning was also been performed to get the advantage of WB survey for possible metastatic lesions. Whole body images were performed before static imaging (about 5 minutes after injection) and continued for about 10-11 minutes (9-10 bed positions with 68 seconds/bed position).
Image interpretation and findings evaluation:
The available WB 11 C-methionine PET images without AC with report stating presence of active bony lesions of variable intensity were selected and reanalyzed. The numbers of bony lesions were counted and each lesion was evaluated depending on degree and pattern of MET uptake. Uptake degree was judged by inspection in comparison to the contralateral normal bone and background tissue uptake by three experienced nuclear medicine physicians. For vertebral lesions, the comparison was made with the nearest normal vertebra. Based on the inherent assumption of higher degree of MET uptake in areas with more viable tumor tissue, the detected lesions were divided according to 3-point scale as those with low, moderate, and intense tracer uptake pattern, and were interpreted as low possibility (considered benign uptake lesion, figure1), equivocal (either benign or malignant, figure2), and high possibility (metastatic, figure  3 ) lesions respectively, table 2. 
Statistical analysis:
Statistical analysis was performed on a lesion basis. The sensitivity, specificity, accuracy, positive predictive value (PPV), and negative predictive value (NPV) were determined for the value of MET PET WB in the diagnosis of metastatic skeletal metastases. These values were measured once with equivocal osseous lesions considered as metastatic and in the second time, these values were calculated with equivocal lesions considered metastatic. Statistical analysis was done using SPSS version (13) .
RESULTS:
The total number of skeletal sites enumerated with variable degree of enhanced MET uptake on WB MET PET images of the 60 cases was 77 bone areas, the majority of which were located in the axial skeleton. Out of these 77 bone sites, 14 were diagnosed as metastatic by CIM and clinical follow up representing 18.2% of all lesions, while the remaining 63 areas were diagnosed as benign (81.8%). Low, equivocal and high possibility lesions reported in 58, 7 and 12 osseous lesions respectively, out of them one (1.7%), 2 (28.6%) and 11 (91.7%) lesions were diagnosed and treated as being metastatic respectively (table 3) . It was clearly evident that the higher the degree of MET uptake the higher the possibility for the suspected lesion to be metastatic in nature. WB MET PET images clearly identified two bone lesions with predominantly osteolytic nature (one case is presented in figure3). (Number between parentheses represents diagnosed metastatic lesions).
By considering the 7 osseous lesions with equivocal MET uptake pattern as low possibility category of being metastatic in nature, the overall low metastatic possibility was found in 65 lesions, with only 3 out of them (4.6%) were diagnosed as metastatic versus 12 lesions of high possibility of being metastatic with 11 out of them (91.7%) were diagnosed as being metastatic. On the other hand, when considering these 7 equivocal lesions as being in the metastatic category, the overall lesions with low metastatic possibility will be 58 with only one of them (1.7%) was diagnosed as metastatic versus 19 lesions of high metastatic possibility, out of them 13 were diagnosed as metastatic (68.4%). 
DISCUSSION:
99m Tc-phosphonate-based planar skeletal scintigraphy is the standard conventional method for the initial staging of patients with malignancy, and it has been employed for many decades in variable malignancies for assessment of metastatic osseous deposits.
However, sensitivity, specificity and delineation of anatomical details of conventional bone scanning are limited. It also has the disadvantage of depicting bone metastases at a relatively advanced stage of tumor infiltration when osteoblastic host reaction to tumor deposits has already occurred (23) .
In adults, the sensitivity of skeletal scintigraphy in detection of bone metastases was reported to be about 62-89% (24, 25) . Gayed et al, 2003 (26) reported sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of 81%, 78%, 34% and 93% respectively. Lavely et al in 2006 (27) reported planar bone scan sensitivity, specificity and accuracy of 66.7%, 91.4% and 79.1 % for conventional bone scanning in diagnosis of metastatic osseous lesions.
Alternative screening modalities, such as conventional radiography and CT, for the detection of early bone metastases have been also employed, yet, they appeared to be less sensitive than skeletal scintigraphy (28, 29).
C-11 methionine has been used to monitor amino acid metabolism in malignant lesions, and was employed successfully in tumor diagnosis and in assessment of response to therapy in various malignancies. Lindholm et al in 2009 (30) reported that MET PET may be useful in assessing the early response to therapy in advanced breast cancer. Also, Tamura et al in 2009
(31) stated that MET PET is an alternative tool for evaluating the response to radiotherapy in patients with choroidal melanoma. Nunez et al, 2002 (22) in his study on 12 patients with cancer prostate had concluded that whole-body 11 Cmethionine PET is a feasible imaging technique that detects significantly more bone and soft tissue lesions than 18 F-FDG PET. These encouraging data about the value of C-11 Methionine in malignant disorders raise the idea of the current study for retrospective data analysis to assess the value of C-11 Methionine in the detection and evaluation of bone metastases.
The previously reported positive results of MET PET with its significant value in assessment of malignant lesions goes in agreement with the results of the current study with sensitivity, specificity, positive predictive value, negative predictive value and accuracy of 78.6%, 98.4%, 91.7%, 95.3% and 94.8% respectively in the detection of skeletal metastatic deposits. So, MET PET has higher PPV, NPV and accuracy compared to those previously reported for planar bone scanning suggesting a potential effective role of MET in the detection and evaluation of skeletal metastasis in various oncological patients.
In a trail to assess possible role of amino acid tracers in diagnosis of osseous metastases, Fuccio et al 2010 (24) studied 25 patients with cancer prostate with single equivocal osseous lesion in conventional bone scanning. They reported that PET/CT using C-11 Choline could provide more information especially in the detection of additional metastases. In 11 patients (44%), PET/CT detected more lesions with 9 cases out of them had more osseous metastatic lesions with or without soft tissue involvement. Six patients were negative on PET/CT, 3 of them (50%) had osteoblastic metastatic lesion on conventional imaging while the remaining 3 patients proved to have degenerative benign osseous lesions. The overall sensitivity and specificity were 86% and 100% respectively with an overall accuracy of 88%. These figures are higher than sensitivity and specificity in the current study, yet, the overall accuracy is lower than the 94.8% figure found in our study. Their use of less number of patients together with minimizing false positive results by CT component, which was not employed in our study, may be responsible for these differences.
As the use of 11 C-Methionine in the detection of skeletal metastatic lesions is still under investigation, so it is important to differentiate between metastatic pattern of its uptake from normal variants and other causes of false-positive interpretations. Iohashi K, et al 2013 (25) reported high MET uptake in liver and pancreas with moderate degree of uptake in bone marrow. Also, it is reported that bone marrow uptake of MET can be quite focal at the medial tips of the clavicles (26) . Taking into consideration the fact that over 90% of bone metastasis are found in the distribution of the red active marrow (2) , this normal bone marrow uptake of MET should be of particular concern when evaluating suspected osseous areas so as to differentiate normal variants or physiological uptake from malignant osseous uptake. These facts suggest that relatively higher degree of methionine uptake is needed to suspect skeletal metastatic lesions. In our study analysis we tried to minimize false positive results related to this physiological distribution, by interpreting bone areas with faint uptake of MET (whether focal or diffuse) as low possibility (nonmetastatic).A well-known relative limitation of bone scintigraphy is the possibility of false negative results in predominantly osteolytic bone metastases. Lavely et al in 2006 (23) reported, as per lesion analysis, sensitivity for lytic and mixed lesions using PET/CT of 100% and 99% respectively. These figures for bone scan were significantly lower, found to be 14.9%, and 20.8% respectively, keeping with the limited value of conventional bone scanning in diagnosis of lytic lesions. In the current study, two patients had a predominantly osteolytic metastatic bone lesion and showed avid MET uptake. The osteolytic nature was evident on the follow up CT scan. This indicates that osteolytic bone lesions can be clearly visible with MET WB PET imaging which can be expected because MET uptake is related to tumor cellular proliferation activity, while in bone scan, the uptake is related to the degree of osteoblastic activity around the tumor tissue. The ability to detect pure lytic lesions by MET PET gives an additional advantage to this imaging tool. Further studies on more lytic osseous metastases are advisable to assess its actual sensitivity, specificity and accuracy in detection of these lesions.
Isohashi et al, 2013 (25) favored the initiation of scanning 20 minutes post administration of MET, to ensure that MET uptake reaches plateau in various important organs. Unfortunately, in the current study, the ideal imaging time (about 20 minutes after injection) was reserved for static imaging dedicated for local evaluation of the effect of CIRT on the primary tumor. Taking the additional advantage of WB imaging for detection of other lesions was therefore performed at a non-ideal imaging time (about 5 minutes after injection) with subsequently higher background activity leading to relatively diminished image quality. This may affect the uptake pattern in the lesions with subsequent impact on scan interpretation and results in our study. Otherwise, it is recommended to start WB MET imaging at the optimum time (20 min post administration of MET), which may result in better figures for detection of skeletal metastases. In addition, most modern PET/CT scanners are now capable of performing high quality WB imaging within reasonable time.
CONCLUSIONS:
In addition to its main purpose for imaging in assessment of the primary tumors and soft tissue metastases, our study findings suggested that WB PET imaging with MET can also be a potentially valuable tool for diagnosis of skeletal metastases with high PPV, NPV and accuracy.
